This article presents a study on the growth process for the template-based growth of TiO 2 nanorods by sol electrophoretic deposition, through both experiment and simulation. Uniformly sized nanorods of approximately 45-200 nm in diameter and 10-60 µm in length can be grown over large areas with near unidirectional alignment. The nanorods have the desired stoichiometric chemical composition and anatase crystal structure, after firing to 500
Introduction
Metal oxides, particularly complex metal oxides, are important materials for various applications. Examples include transparent conducting oxides for lightemitting devices [1] , complex oxide sensors and catalysts [2] and TiO 2 solar cells [3] . For many applications of metal oxides, the sensitivity or efficiency obtained is directly proportional to the surface area of the material. Nanorods or nanowires offer a significantly larger surface area compared to that of films or the bulk material. Nanorods or nanowires also offer the opportunity to study the physical properties of one-dimensional structures. Many researchers study oxide nanorod synthesis, and a number of different synthesis techniques have been developed. Examples include oxidation of metallic nanorods [4] , vapor-liquid-solid (VLS) growth [5] , and the filling of templates with colloidal oxide particles [6] . There are some limitations and difficulties with these techniques, however. Direct oxidation is generally limited to formation of simple metal oxide nanorods. VLS growth of oxide nanorods and nanowires is restricted to systems that can form a eutectic liquid with the catalyst at the (often very high) growth temperature. Colloidal dispersion filling of templates offers simple fabrication of nanorods, and the possibility of fabrication of complex oxide nanorods with precise control of stoichiometric composition. However, complete filling of solids inside holes could be challenging, considering the fact that typical sols or colloidal dispersions consist of 90 percent or more solvent. In fact, the structures synthesized by this technique are often hollow tubes rather than solid rods [6, 7] . Our research focuses on a novel approach for synthesis and fabrication of nanorods of complex oxides. This approach combines sol-gel processing, electrophoretic deposition and template-based growth. This method offers the possibility of making nanorods of any complex oxides, organic-inorganic hybrids and bio-inorganic hybrids. In addition, this technique would allow the fabrication of unidirectionally aligned and uniformly sized nanorods with desired patterns for device fabrication, physical property measurements and characterization.
Sol-gel processing is a wet chemical route for the synthesis and processing of inorganic and organicinorganic hybrid materials. Sol-gel processing offers many advantages, including low processing temperatures (typically <100 • C) and molecular level homogeneity, and it is particularly useful in making complex metal oxides. Typical sol-gel processing consists of hydrolysis and condensation of precursors. Precursors can be either organic, such as metal alkoxides, or inorganic salts. Organic or aqueous solvents may be used to dissolve precursors, and catalysts are often added to promote and/or control both hydrolysis and condensation reactions. Hydrolysis and condensation reactions are both multiple-step processes, occurring sequentially and in parallel. Condensation results in the formation of nanoscale clusters of metal oxides and hydroxides, often with organic groups attached to them. These organic groups may be due to incomplete hydrolysis, or introduced as non-hydrolyzable organic ligands. Solgel processing results in the formation of nanoscale clusters of metal oxides and hydroxides, whose size can be tailored by controlling the hydrolysis and condensation reactions. By careful control of sol preparation and processing, monodispersed nanoscale particles can be synthesized. The particle size can be varied by changing the concentration and aging time [8] . In a typical sol, nanoclusters formed by hydrolysis and condensation reactions commonly have a size ranging from 1 to 100 nm. These clusters are often electrostatically stabilized.
Upon application of an external electric field to a sol, the constituent charged particles undergo electrophoresis. The mobility of a nanoparticle in a sol is dependent on the dielectric constant of the liquid medium, the zeta potential of the nanoparticle, and the viscosity of the fluid. Sol electrophoretic deposition simply uses this motion of charged sol particles to grow films or monoliths. At the electrodes, surface electrochemical reactions proceed to generate or receive electrons. The electrostatic double layers collapse upon deposition on the growth surface, and the particles coagulate. The films or monoliths grown by sol electrophoretic deposition are essentially a compaction of nanosized particles. Such films or monoliths are porous, i.e., there are voids inside. Typical packing densities, defined as the fraction of solid (also called green density) are less than 74%, which is the highest packing density for uniformly sized spherical particles [9] . The green density of films or monoliths by sol electrophoretic deposition is strongly dependent on the concentration of particles in the sol, zeta-potential, externally applied electric field and reaction kinetics between particle surfaces. Slow reaction and slow arrival of nanoparticles on the surface would allow sufficient particle relaxation on the deposition surface, so that a high packing density is expected.
We have previously reported that BaTiO 3 , SiO 2 , Sr 2 Nb 2 O 7 and PZT nanorods can be grown by sol-gel electrophoresis [10, 11] . The length of all theserods is about 10 µm, similar to the thickness of the template membrane. For samples grown in 200 nm templates, the final diameters were about 150 nm for BaTiO 3 , ∼200 nm for SiO 2 , ∼125 nm for Sr 2 Nb 2 O 7 and ∼150 nm for PZT. The corresponding shrinkages are approximately 25, 0, 37 and 25%. The composition of a material formed by this technique will consist of the desired crystalline phase with the desired stoichiometry, as we have recently demonstrated, for example, in nanorods of the complex oxide Pb(Zr,Ti)O 3 (PZT) [10] . XRD spectra of the PZT nanorods show only the desired phase, with no shifts in peak positions or intensity ratios with respect to bulk PZT [10] . This gives an idea of the possibilities inherent to sol electrophoretic growth of nanorods.
In this paper, we present a study on the growth of TiO 2 nanorods using the sol electrophoretic technique. Nanorods of various sizes are demonstrated, along with arrays of nanorods aligned on a surface. In addition, the growth process is examined through both experiment and simulation. Current evolution recorded during nanorod growth is compared with calculated values from a model for the electrophoretic deposition.
Experimental
A combination of sol-gel processing and electrophoretic deposition has been used to synthesize a variety of oxide nanorods, similar to the process reported previously [10, 11] . Briefly, the sols were prepared as follows. TiO 2 sol was formed by dissolving titanium (IV) isopropoxide in glacial acetic acid, followed by the addition of deionized (DI) water. Upon addition of water, a white precipitate instantaneously formed. However, the sol became a clear liquid after ∼5 min of stirring.
Nanorod growth occurred on a working electrode of aluminum, with a Pt mesh counter electrode. The template membranes used for growth of the nanorods were track-etched hydrophilic polycarbonate (Millipore Isopore), with pore diameters of 50-200 nm, and a thickness of 10 µm, or 60 µm thick anodic alumina (Whatman Anodisc), with 200 nm pores. The polycarbonate (PC) membrane and the working electrode are placed in a polypropylene filter holder, and held in place with a silicone gasket. This assembly is placed in contact with the sol. A Pt counter electrode is also placed in the sol, parallel to the working electrode. A slightly different arrangement was used with anodic alumina templates. Indium-tin-oxide (ITO) glass was used as the working electrode and Pt mesh was used as the counter electrode. The alumina membrane contacting the conducting substrate is immersed in the sol parallel to the Pt counter electrode approximately 2.5 cm apart. The sol is initially drawn into the membrane pores by capillary action after membrane immersion into the sol. For electrophoretic growth, a potential of 5 V is applied between the electrodes, and held for up to 60 min for the polycarbonate membrane or up to 3 h for the alumina membrane. At the end of electrophoretic deposition, excess sol is blotted off the membrane. Samples prepared in this manner are dried at ∼100
• C for several hours, then placed in an oven and fired for 60 min at 500
• C. This is to burn off the polycarbonate membranes, to make the nanorods dense, and to crystallize the sol in the desired (anatase) phase. Additional wet chemical etching with 6 M NaOH is required to remove the alumina membrane since alumina withstands high temperatures, and epoxy adhesive is used to aid in the attachment of nanorods on ITO conducting substrates.
The current flowing through the deposition cell was recorded with a data acquisition board (National Instruments PCI-6024E) connected to a computer running LabVIEW software (National Instruments). Scanning electron microscopy (SEM, JEOL 840A) and transmission electron microscopy (TEM, JEOL 2010) were used to study the morphology and crystallinity of the nanorods. Samples were sputter-coated with a thin Au/Pd layer prior to observation in the SEM. Xray diffraction (XRD, Phillips PW1830) was used to determine the phases and crystal structures present, and to check for the presence of texture and degree of crystallinity.
Results and discussion
Figs 1-3 shows sample results obtained for TiO 2 nanorods. SEM micrographs of two different sizes of TiO 2 nanorods grown in a polycarbonate membrane by sol-gel electrophoresis are shown in Fig. 1 . These nanorods have a uniform diameter and smooth surface throughout their entire length. Comparing the various rods in each image, one can see that they all have roughly the same length and diameter. These images show that the rods are roughly parallel to one another over a large area. The diameters of the TiO 2 nanorods
